A microbial fuel cell (MFC) latrine that treats human waste and produces compost and electricity was deployed in Agona Nyakrom, Ghana. After solid wastes were composted, the MFC treated organic matter and nitrogen from the remaining liquid stream. Organic matter was oxidized in the anode by anode-respiring bacteria that transfer electrons to an external circuit, producing electricity, which was observed to be 268 nW/m 2 after two years of operation.
INTRODUCTION
Less than half of the population in sub-Sahara Africa has access to improved sanitation facilities (World Health Organization/United Nations Children's Fund [WHO/ UNICEF] ). There is limited access to sanitation facilities in urban environments in the developing world, and that access diminishes as we look towards rural environments.
In Ghana, 33% of rural communities still practice open defecation and that value has been increasing over the past 20 years (WHO/UNICEF ). Despite relative economic stability, each year, 15,000 children under the age of five still die from diarrheal diseases due to lack of sanitation infrastructure.
While centralized facilities are viable in metropolitan hubs like Accra and Kumasi, many districts in the northern region live in extreme poverty. In the northern regions, 63% of the population lack adequate food and water (Debrah ) . The most prevalent limitations in this area are food security, access to electricity, and access to clean sources of water and sanitation. For many women finding a private place to relieve themselves is particularly challenging so they wait until the evening. As a consequence, women have been bitten by poisonous snakes (Antwi ) or assaulted (Smith ) . Communities may also be financially unable to make investments in sanitation facilities (Cairncross ). Low-cost, decentralized sanitation systems paired with community engagement is a successful way to expand sanitation coverage (Montgomery & Elimelech ) in Ghana.
expensive elements of bench-scale designs, reducing construction costs for developing areas. In the gravity-driven, step-feed MFC, the anode and the cathode are hydraulically partitioned, eliminating the need for a membrane. Low-cost graphite granules serve as electrodes and microorganisms, not platinum-group catalysts, facilitate the oxidation of organics and the reduction of nitrate. In addition, the microbial communities within this MFC are known to have low growth yield, generating little biomass and reducing maintenance requirements.
Our goal is to develop a technology that will provide a safe method for sanitation as well as providing two incentives for sanitation development in rural Ghana: compost and electricity. Communities deploying MFC Latrines could sell compost or access to electricity to fund sustained operation and maintenance, motivating adoption of the technology. The MFC Latrine may be advantageous and beneficial in areas where decentralized sanitation is developed through a sanitation-as-a-business model, which is an emerging approach used by aid-organizations (Breslin & Bramley ) .
This paper will present a case study of the first MFC Latrine deployed in Ghana. The primary goals of this project are to (1) demonstrate the first field-operated full scale MFC producing electricity, (2) evaluate the MFC Latrine performance and (3) assess the local user interface with this new technology.
METHODS Support
Our team made two trips to Ghana during this project in 
Site selection
NYASTEC was selected as the general study site. NYAS-TEC and the surrounding area had an established need for additional sanitation facilities (Ghana News Agency ). Although the available sanitation facilities were limited, the MFC Latrine played a supplemental role in the local sanitation capacity without being the primary source of sanitation. This dynamic was desirable for an experimental pilot system. As a technical high school, NYASTEC had a community (e.g., science teachers and students) who were more likely to be invested in the study.
The MFC Latrine could serve as a 'living laboratory', and enhanced educational opportunities in the school by exposing the students to the application of scientific Though the site sub-surface conditions were not quantified, it was clear that excavated soils were clay-like. This was advantageous to excavation due to the inherent stability in the clay soil. However, this also meant that infiltration rates were relatively slow. Therefore, the effluent from the MFC Latrine was fed to an infiltration area filled with gravel. The infiltration area was located near the root system of a large tree and other vegetation to encourage water uptake.
The MFC Latrine was located in a highly traveled, central location on campus, near several academic buildings.
The anticipated user group was any student or faculty member that had the need for sanitation in that area of campus. The boarding school has 1,500 students whose ages ranged between 13 and 19 years. There were 550 female students. Additional sanitation facilities at the school include 36 flush toilets available in the dormitories, and 12 dry pit latrines (Garbrah ) . The MFC Latrine was next to a recently constructed facility, equipped with 12 flush toilets and sinks for hand washing. At the time of deployment, the facility was not connected to piped water or electricity and not in use. Students were observed to use a nearby unimproved pit latrine.
Basis for design
The MFC Latrine design was based on a urine-diverting, composting latrine ( 
MFC operation and data collection
Pure Home Water, LLC visited the site monthly for the first 6 months of operation. Conductivity, pH, ammonium, and nitrate data was collected in the anode, cathode and nitrification chambers, using a Vernier LabQuest 2 and Vernier probes (Beaverton, OR). Voltage, resistance and current were monitored across the anode and cathode with a multimeter. Each parameter was measured across the actual anode and cathode electrodes while attached to the lighting system in the off position. Power is reported normalized to the estimated graphite granule surface area in the anode chamber (P/A), were P ¼ VI, and P represents the power, V is the voltage, I is the current, and A is the reported surface area. The surface area is a projected value based on a distribution of granule geometry and was not directly measured. Additionally, the liquid volume in the electrode chamber was variable so the entire electrode surface was not always accessible. For these reasons, reported values should be interpreted with caution, as they may not directly represent the power produced per surface area.
Education and maintenance plan
Education and maintenance activities included a seminar to faculty and students explaining MFC Latrine fundamentals and maintenance requirements. Copies of the presentation were shared with the science teachers for reference. We appointed several science teachers and students to take on the responsibility of replacing toilet paper, woodchips, and charcoal ash. A construction and maintenance manual was also provided to the school headmaster.
RESULTS AND DISCUSSION

Deployment of the MFC Latrine
In May 2012, the first MFC Latrine was deployed at NYAS-TEC. Construction of the system took two and a half weeks by a team of local masons and carpenters. The system was put to immediate use after completion. After 1 year, the first composting chamber was closed and the second opened.
MFC Latrine performance
Power production was low to begin with, at 0.18 μW (6.6 nW/m 2 ) (Figure 2 ). Initial power, 0.17-0.18 μW was consistent with our 1:1 scale, lab-based pilot study power density, which averaged 0.21 ± 0.54 μW (Castro ). This power production was sufficient to power an LED light unit that we deployed in our system in Ghana.
Shortly after start-up, NYASTEC recessed for the summer break. Due to lack of use, power decreased to 1 nW (0.04 nW/ The pH levels at the beginning of the study began near 5.0 and increased to 7.0 in both the anode and cathode over the first 6 months and were near 7 on the return trip in May 2013.
Since we were not able to measure all of the microbial metabolites in the field, we observed the transformation of MECs require external power input, making these systems impractical for developing countries where power sources are already limited. The MFC Latrine installed in Ghana does not require external power sources of any kind, and therefore represents a more sustainable approach to generating electrical power from human waste in developing areas.
Use and maintenance
There were several challenges that affected the performance of the MFC Latrine. One challenge was the improper disposal of waste paper. Our educational efforts failed in communicating that it was desirable to put waste paper into the toilet, which is contrary to the local convention of putting waste paper in a trash bin. We expected the absence of a trash receptacle, combined with our educational efforts, would encourage users to put the waste paper into the toilet. Instead, waste paper was placed in 
